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Li20-2B203  glass-modified  LiMn204  cathode  powders  are  prepared  using  spray  pyrolysis.  The  powders 
with  1  and  5  wt%  glass  material  have  a  spherical  shape,  dense  structure,  and  large  grain  size.  The  BET 
surface  areas  of  LiMn204  powders  with  0  and  1  wt%  glass  material  are  15.0  and  5.9  m2g-1,  and  their 
mean  crystallite  sizes  are  29  and  49  nm.  The  lithium  boron  oxide  (LBO)  glass  material  improves  the  cycle 
properties  as  well  as  the  initial  discharge  capacities  of  the  LiMn204  powders  at  a  constant  current  density 
of  1  C.  The  discharge  capacity  of  LiMn204  powders  without  any  glass  material  decreases  from  116.3  to 
92.6  mAh  g-1  after  100  cycles,  the  reduced  capacity  being  80%  of  the  initial  capacity.  However,  the  dis¬ 
charge  capacity  of  the  LiMn204  powders  with  1  wt%  glass  material  decreases  from  131.0  to  113.2  mAh  g_1 
after  100  cycles;  thus,  the  capacity  retention  is  86%  of  the  initial  capacity. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Currently,  extensive  studies  are  being  carried  out  on  the  feasi¬ 
bility  of  using  LiMn204  as  a  substitute  for  UC0O2.  This  is  because 
LiMn204  is  more  advantageous  than  LiCo02  in  terms  of  cost- 
effectiveness  and  environment  friendliness  [1-5].  However,  a 
LiMn204  electrode  suffers  a  severe  capacity  fading  problem  after 
long-term  cycling,  induced  by  the  dissolution  of  the  electrode 
into  the  electrolyte  (as  Mn2+)  and  a  phase  transition  due  to  the 
Jahn-Teller  distortion,  and  such  a  problem  limits  its  practical  appli¬ 
cation  [6].  Many  studies  have  focused  on  improving  the  cycling 
behavior  of  LiMn204.  Among  the  different  routes,  surface  modifi¬ 
cation  by  stable  oxide  materials  has  proved  to  be  effective  [7-11]. 

A  lithium  boron  oxide  (LBO)  glass  material  has  also  been  used 
as  a  coating  material  because  of  its  high  lithium  ionic  conductiv¬ 
ity,  good  wetting  properties,  and  relatively  low  viscosity  [12-15]. 
Electrochemical  studies  have  shown  that  these  materials  are  stable 
against  high  oxidation  potentials  of  4  V  cathode  electrode  materials 
used  in  Li-ion  batteries  today  [12].  In  the  previous  reports,  glass- 
coated  LiMn204  powders  were  prepared  by  a  two-step  process.  The 
prepared  LiMn204  powders  are  coated  with  an  LBO  glass  mate¬ 
rial  via  solid-state  and  sol-gel  methods  [13,14].  A  one-step  process 
for  the  preparation  of  surface-modified  cathode  powders  would  be 
advantageous  in  respect  of  the  production  cost. 

Spray  pyrolysis,  which  is  a  gas-phase  reaction  method,  is 
advantageous  for  the  preparation  of  fine  cathode  powders  with  a 
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spherical  morphology  [16-23].  However,  direct  surface  modifica¬ 
tion  of  cathode  powders  with  an  oxide  material  has  rarely  been 
performed  using  spray  pyrolysis.  In  this  study,  LBO-glass-modified 
LiMn204  cathode  powders  were  prepared  by  spray  pyrolysis.  Mod¬ 
ification  with  the  LBO  glass  material  improved  the  electrochemical 
properties  as  well  as  morphological  characteristics  of  the  powders. 

2.  Experimental 

A  schematic  diagram  of  the  ultrasonic  spray  pyrolysis  system 
used  in  this  study  has  been  presented  in  a  previous  paper  [24].  The 
equipment  consisted  of  six  ultrasonic  spray  generators  operating 
at  1 .7  MHz,  a  tubular  quartz  reactor,  and  a  bag  filter.  The  length  and 
diameter  of  the  quartz  reactor  were  1200  and  50  mm,  respectively. 
The  reactor  temperature  was  maintained  at  900  °C.  The  flow  rate 
of  the  air  used  as  the  carrier  gas  was  lOLmin-1.  An  aqueous  spray 
solution  was  prepared  by  dissolving  lithium  nitrate  (LiN03,  Junsei) 
and  manganese  nitrate  hexahydrate  [Mn(N03)2-6H20,  Junsei]  in 
distilled  water.  The  amount  of  lithium  added  to  the  spray  solution 
was  in  excess  of  5  wt%  of  the  stoichiometric  amount  to  facilitate 
the  formation  of  LiMn204  powders.  For  Li20-2B203  glass  coat¬ 
ing  material,  lithium  nitrate  (LiN03,  Junsei)  and  boric  acid  (H3B03, 
Aldrich)  were  dissolved  into  the  above  spray  solution  of  Li  and  Mn 
components.  The  precursor  particles  obtained  by  ultrasonic  spray 
pyrolysis  were  post-treated  at  a  temperature  of  650  °C  for  3  h  in  an 
air  atmosphere. 

The  crystal  structures  of  the  prepared  cathode  powders  were 
investigated  using  X-ray  diffractometry  (XRD;  RIGAKU  DMAX-33) 
with  Cu  Ka  radiation  (X  =  1.5418  A).  The  morphological  character¬ 
istics  of  the  powders  were  investigated  using  scanning  electron 
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(a)  0  wt% 


(b)  3  wt% 


Fig.  1.  SEM  images  of  the  precursor  powders  with  and  without  glass  material:  (a) 
Owt%  and  (b)  3  wt%. 


microscopy  (SEM;  JEOL  JSM-6060).  The  capacities  and  cycle  prop¬ 
erties  of  the  powders  were  determined  by  using  a  2032-type  coin 
cell.  The  cathode  electrode  was  prepared  from  a  mixture  con¬ 
taining  20  mg  of  LiMn204  and  12  mg  of  TAB  (TAB  is  a  mixture 
of  9.6  mg  of  teflonized  acetylene  black  and  2.4  mg  of  a  binder). 
Lithium  metal  and  microporous  polypropylene  film  were  used 
as  the  anode  electrode  and  separator,  respectively.  The  elec¬ 
trolyte  was  1  M  LiPF6  in  a  1 :1  mixture  by  volume  of  EC/DMC.  The 
charge/discharge  characteristics  of  the  samples  were  determined 
through  cycling  in  the  3.2-4.5  V  potential  range  at  constant  current 
densities  of  1  C  (3  mA  cm-2 )  and  2  C  (6  mA  cm-2 ).  Cyclic  voltamme¬ 
try  measurements  were  carried  out  at  a  scan  rate  of  0.07  mV  s-1 . 
Electrochemical  impedance  spectra  of  LiMn204  powders  without 
any  LBO  glass  material  and  with  1  wt%  LBO  glass  material  in  the 
fully  charged  state  (4.5  V)  were  analyzed. 

3.  Results  and  discussion 
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Fig.  2.  SEM  images  of  the  post-treated  cathode  powders  with  different  glass  con¬ 
tent:  (a)  0wt%,  (b)  1  wt%  and  (c)  5  wt%. 


The  morphologies  of  LiMn204  powders  without  any  LBO  glass 
material  and  with  3  wt%  LBO  glass  material,  prepared  directly  by 
spray  pyrolysis,  are  shown  in  Fig.  1.  The  LiMn204  powders  had  a 
spherical  shape  and  micron  sizes,  irrespective  of  the  presence  of 
the  glass  material.  However,  the  glass  material  affected  the  internal 
structure  of  the  powders,  as  shown  by  the  high-magnification  SEM 


images  in  Fig.  1 .  The  formation  of  a  glass  material  with  a  low  melting 
point  in  the  powders  during  the  spray  pyrolysis  process  led  to  the 
partially  melting  of  the  intermediate  product  to  form  powders  with 
a  smooth  surface.  On  the  other  hand,  the  powders  without  the  glass 
material  had  a  porous  structure  with  large  pores. 
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Fig.  3.  TEM  images  of  the  post-treated  cathode  powders  with  different  glass  content:  (a)  0  wt%,  (b)  1  wt%  and  (c)  5  wt%  (arrows  show  the  facetted  crystal  structure). 


The  LiMn204  powders  prepared  directly  by  spray  pyrolysis  had 
low  crystallinity  because  of  the  short  residence  time  (1.8  s)  of  the 
powders  in  the  hot  wall  reactor.  Therefore,  the  powders  prepared 
directly  by  spray  pyrolysis  were  post-treated  at  650  °C  for  3h. 
Figs.  2  and  3  show  SEM  and  TEM  images  of  post-treated  LiMn204 
powders  with  different  amounts  of  the  LBO  glass  material.  The 
spherical  shape  and  non-aggregation  characteristics  of  the  precur¬ 
sor  powders  were  retained  after  the  post-treatment.  TEM  images  of 
the  LiMn204  powders  without  the  glass  material  showed  a  porous 
structure  and  a  small  grain  size.  On  the  other  hand,  LiMn204  pow¬ 
ders  with  1  and  5wt%  glass  material  had  dense  structures  and 
large  grain  sizes.  The  LBO  glass  material  also  improved  the  crys¬ 
tallinity  of  the  powders.  The  LiMn204  powders  with  5wt%  glass 
material  had  a  facetted  crystal  structure,  which  is  shown  by  arrows 
in  Fig.  3(c).  The  pore  size  distributions  of  post-treated  LiMn204 
powders  with  various  amounts  of  the  LBO  glass  material  were  ana¬ 
lyzed  by  the  Barrett-Joyner-EIalenda  (BJH)  method.  The  LiMn204 
powders  without  any  glass  material  had  a  large  volume  of  meso- 
pores  and  macropores  (2-55  nm).  The  pore  volumes  of  LiMn204 
powders  with  0,  1,  and  5wt%  glass  material  were  0.06,  0.03,  and 
0.01  cm3  g-1,  respectively.  The  pore  volume  of  the  LiMn204  pow¬ 
ders  decreased  with  increasing  glass  content,  and  the  powders  with 
3  and  5  wt%  glass  material  had  a  dense  structure  with  a  small  pore 
volume.  The  BET  surface  areas  of  LiMn204  powders  with  0,  0.5,  1, 


3,  and  5wt%  glass  material  were  15.0,  9.0,  5.9,  2.7,  and  2.9  m2  g-1, 
respectively. 

Fig.  4  shows  X-ray  diffraction  (XRD)  patterns  of  post-treated 
LiMn204  powders  with  various  amounts  of  the  LBO  glass  mate¬ 
rial.  The  powders  had  pure  cubic  spinel  LiMn204  crystal  structures 
irrespective  of  the  amount  of  glass  material.  Elowever,  the  mean 
crystallite  sizes  of  the  powders,  calculated  by  Scherrer’s  equation 
from  the  half-widths  of  the  XRD  peaks,  were  found  to  be  strongly 
affected  by  the  amount  of  glass  material.  The  mean  crystallite  sizes 
of  the  LiMn204  powders  with  0,  0.5,  1,  3,  and  5wt%  glass  mate¬ 
rials  were  29,  41,  49,  49,  and  49  nm,  respectively.  The  use  of  a 
small  amount  of  glass  material,  0.5  wt%  of  the  powders,  abruptly 
increased  the  mean  crystallite  size  of  the  LiMn204  powders.  Elow¬ 
ever,  the  LiMn2  04  powders  with  glass  material  content  above  1  wt% 
had  similar  mean  crystallite  sizes.  Small  amount  of  LBO  glass  mate¬ 
rial,  with  a  low  melting  temperature,  improved  crystal  growth  of 
the  LiMn204  powders  by  acting  as  a  sintering  agent.  However,  high 
amount  of  glass  material  acted  as  an  impurity  phase  in  crystal 
growth  of  the  powders. 

The  lattice  constants  of  the  LiMn204  powders  changed 
slightly  from  8.2211  to  8.2344  A,  depending  on  the  LBO  glass 
material  content.  The  decrease  in  the  lattice  constant  of  the 
LiMn204  powders  by  substituting  the  small  radius  boron  ion  to 
the  manganese  site  did  not  occur.  Therefore,  we  can  conclude  that 
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Fig.  4.  XRD  patterns  of  the  post-treated  cathode  powders  with  different  glass  con¬ 
tent. 


the  LBO  glass  material  was  formed  during  spray  pyrolysis  in  the 
LiMn204  powders.  The  LBO  glass  material,  with  a  low  melting  point, 
improved  crystal  growth  and  promoted  the  formation  of  LiMn204 
powders  with  a  dense  structure. 

The  effect  of  the  LBO  glass  content  on  the  initial  charge  and  dis¬ 
charge  capacities  and  cycle  properties  of  the  LiMn204  powders  was 
investigated  at  various  current  densities.  Fig.  5  shows  the  initial 
charge  and  discharge  curves  of  the  powders  at  a  constant  current 
density  of  1  C  for  3.2-4.5  V.  The  initial  discharge  capacities  of  the 
LiMn2 O4  powders  with  0, 1 ,  and  5  wt%  glass  material  were  116,131, 
and  124mAhg-1.  An  appropriate  amount  of  the  LBO  glass  mate¬ 
rial  improved  the  first  charge/discharge  capacities  and  Coulombic 
efficiencies  of  the  LiMn204  powders.  The  Coulombic  efficiencies  of 
powders  without  any  LBO  glass  material  and  with  1  wt%  LBO  glass 
material  were  94.7  and  97.0%.  The  optimum  amount,  1  wt%  of  the 
LiMn204  powders,  of  glass  material  improved  the  initial  discharge 
capacity  and  Coulombic  efficiency  of  the  powders  by  morphologi¬ 
cal  and  structural  evolution.  3  wt%  glass  material  is  high  enough 
to  provide  a  thoroughly  coverage  of  LiMn204  powders.  There¬ 
fore,  the  over-coverage  of  LBO  glass  material  on  LiMn204  powders 
decreased  the  initial  discharge  capacity  of  3  and  5  wt%  LBO-coated 
LiMn204  powders. 


Cycle 

Fig.  6.  Cycle  properties  of  the  post-treated  cathode  powders  with  different  glass 
content  at  room  temperature  and  a  constant  current  density  of  1  C. 


The  cycle  properties  of  the  LiMn204  powders  with  and  without 
the  glass  material  at  room  temperature  are  shown  in  Figs.  6  and  7. 
The  discharge  capacities  at  constant  current  densities  of  1  and  2  C 
for  3.2-4.5V  are  presented  in  Table  1.  The  discharge  capacity  of 
the  LiMn204  powders  without  any  glass  material  decreased  from 
1 1 6.3  to  92.6  mAh  g-1  at  a  constant  current  density  of  1  C  after  1 00 
cycles,  the  capacity  retention  being  80%  of  the  initial  capacity.  How¬ 
ever,  the  capacity  retention  of  the  LiMn204  powders  with  1  wt% 
LBO  glass  material  was  86%  of  the  initial  capacity  after  100  cycles. 
The  LBO  glass  material  improved  the  cycle  properties  as  well  as  the 
initial  discharge  capacities  of  the  LiMn204  powders  at  a  constant 
current  density  of  1  C.  The  optimum  amount  of  LBO  glass  material 
was  1  wt%  of  the  LiMn204  powders.  The  capacity  retentions  of  the 
LiMn204  powders  without  any  LBO  glass  material  and  with  1  wt% 
LBO  glass  material  were  91%  and  98%  of  their  initial  capacities  after 
20  cycles  at  a  constant  current  density  of  2  C.  Fig.  8  shows  the  cycle 
properties  of  the  LiMn204  powders  without  and  with  the  LBO  glass 
material  at  a  high  temperature  of  60  °C.  The  capacity  retentions  of 
the  LiMn204  powders  with  0, 0.5, 1 , 3,  and  5  wt%  glass  material  were 
84,  86,  88,  92  and  93%  of  their  initial  capacities  after  50  cycles  at  a 
constant  current  density  of  1  C.  The  high  amount  of  LBO  glass  coat¬ 
ing  material  improved  the  cycle  properties  of  the  LiMn204  powders 
at  a  high  temperature  60  °C. 


Fig.  5.  Initial  charge  and  discharge  curves  of  the  post-treated  cathode  powders  with 
different  glass  content. 


Fig.  7.  Cycle  properties  of  the  post-treated  cathode  powders  with  different  glass 
content  at  room  temperature  and  a  constant  current  density  of  2  C. 
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Table  1 

Cycling  properties  of  the  LiMn204  powders  with  and  without  glass  materials. 


1st (1 C) 

100th  (1C) 

Capacity  retention  (1  C) 

1st  (2  C) 

20th  (2  C) 

Capacity  retention  (2  C) 
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124 

99 

80 
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Fig.  8.  Cycle  properties  of  the  post-treated  cathode  powders  with  different  glass 
content  at  60  °C. 

Figs.  9  and  1 0  show  cyclic  voltammograms  of  the  LiMn204  pow¬ 
ders  without  any  LBO  glass  material  and  with  1  wt%  LBO  glass 
material;  the  voltammograms  were  recorded  over  the  voltage 
range  3.2-4.5  V  at  a  scan  rate  of  0.07  mV  s-1 .  The  cyclic  voltammo- 
gram  of  the  LiMn204  powders  without  any  glass  material  shows 
a  shift  in  the  oxidation  and  reduction  peaks  upon  cycling,  indica¬ 
tive  of  a  change  in  the  surface  structure  and  composition  of  the 
spinel  electrode  [14].  On  the  other  hand,  the  cyclic  voltammogram 
of  the  LiMn204  powders  with  1  wt%  LBO  glass  material  shows  a 
small  peak  shift  upon  cycling.  Figs.  1 1  and  1 2  show  the  Nyquist  plots 
of  the  electrochemical  impedance  spectra  of  the  LiMn204  powders 
without  any  LBO  glass  material  and  with  1  wt%  LBO  glass  mate¬ 
rial  in  the  fully  charged  state  (4.5  V).  After  1  cycle,  the  spectrum 
of  the  LiMn204  powders  with  1  wt%  LBO  glass  material  showed 
larger  impedance  than  that  of  the  LiMn204  powders  without  any 


rial. 


Fig.  10.  Cycle  voltamogram  of  the  post-treated  cathode  powders  with  glass  mate¬ 
rial. 

glass  material  did.  On  the  other  hand,  the  spectrum  of  the  LiMn204 
powders  with  1  wt%  LBO  glass  material  showed  smaller  impedance 
than  that  of  the  LiMn204  powders  without  any  glass  material  did 
after  50  cycles.  The  reaction  of  the  LiMn204  powders  and  elec¬ 
trolyte  species  generates  a  highly  resistive  LiF  surface  film  [25]. 
However,  the  LBO  glass  material  covering  the  LiMn204  powders 
decreased  the  amount  of  resistive  material  formed  on  the  sur¬ 
face  of  the  active  material.  The  LBO  glass  material  covering  the 
LiMn204  powders  improved  the  electrochemical  properties  of  the 
powders  by  decreasing  the  reactivity  of  the  powders  with  acidic 
electrolytes.  The  high  crystallinity  of  the  LiMn204  powders  with 
the  glass  material  also  improved  the  electrochemical  properties 
by  increasing  the  stability  of  the  powders  in  acidic  electrolyte 
environments. 


Fig.  11.  Nyquist  plots  obtained  from  the  post-treated  cathode  powders  with  and 
without  glass  material  after  the  1st  cycle. 
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Fig.  12.  Nyquist  plots  obtained  from  the  post- treated  cathode  powders  with  and 
without  glass  material  after  the  50th  cycle. 

4.  Conclusions 

LBO-modified  LiMn204  cathode  powders  with  a  spherical  shape, 
a  low  surface  area,  and  high  crystallinity  are  prepared  by  a 
one-step  process  using  spray  pyrolysis.  The  LBO  glass  material 
formed  in  the  LiMn204  powders  during  the  spray  pyrolysis  process 
improves  the  electrochemical  properties  as  well  as  the  morpho¬ 
logical  characteristics  of  the  powders.  The  optimum  amount  of 
the  LBO  glass  material  is  1  wt%  of  the  LiMn204  powder.  The  addi¬ 
tion  of  an  appropriate  amount  of  LBO  glass  material  improves  the 
first  charge/discharge  capacities,  Coulombic  efficiencies,  and  cycle 


performances  of  the  powders.  The  LBO  glass  material  covering  the 
LiMn204  powders  improves  the  electrochemical  properties  of  the 
powders  by  decreasing  the  reactivity  of  the  powders  with  acidic 
electrolytes. 
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